The data used to fit the models for branch angle were first described by Roeh and Maguire 116 (1997) and involved climbing the sample tree and placing a clinometer at the base of whorl 117 branches and reading the angle to the nearest degree from the external scale. The database 118 included 17,953 branch measurements (Table 2) taken from 412 trees (Table 3) (Roeh and Maguire 1997; Weiskittel et al. 2007a) , and Scots pine (Mäkinen and Colin 1998).
139
However, some refinement of the model for Douglas-fir was deemed desirable. where, HCB was height to crown base (m), α 0 -α 3 were parameters to be estimated from the 219 data, SI was King's (1966) site index (m at 50-year breast height age), ε 3 was the error term with 220 ε 3 ~ N(0,σ ε3 2 ), and all other variables were defined above.
222
For each whorl on each tree, a time-series of branch angles (VBA) was predicted starting at the 223 initial whorl height indicated by predicted cumulative tree height growth. After the crown base 224 receded past a given whorl (implying branch mortality), the branch angles in the subsequent part 225 of the time-series for that branch were fixed at the last angle predicted while the branch was still where H rib was the height of the knot pith above its estimated point of origin at the bole pith
241
(cm), h 0 was the simulated whorl height where knot pith was defined to emerge from the bole 242 pith (m), rib 0 was the radius inside bark at height h 0 (cm), rib was the radius inside bark at H rib
243
(cm), γ 10 -γ 15 were parameters to be estimated from the data, ε 4 was the error term with ε 4 ~ 244 N(0,σ ε4 2 ), and all other variables were defined above. and all other variables were defined above.
255
The use of the pith curvature models was demonstrated by constructing some three-dimensional 256 knots of the type that would be contained in a virtual tree or log for sawing simulation. Equation
257
[5] was first applied to a tree typical of the Roeh and Maguire (1997) The simulated knots resembled curved cones, except that the rate of increase in knot diameter series that could be modeled directly, leading to a variety of knot curves within a given whorl.
320
Regardless of the specific approach taken for developing them, a set of knot curves would allow 321 stochastic simulation of knot shape in virtual logs and reproduction of the natural variability that 322 would be observed in real logs. Knot attributes of products generated from simulated sawing of 323 these logs would in turn be very realistic even though the mechanisms generating the variability 324 may not be explicitly represented.
326
As more information accumulates, it is also conceivable that some of the mechanisms driving the 327 variation in branch angle and knot curvature could be explicitly represented in the models.
328
Branch angle variation within a whorl presumably results from responses to light gradients, light 329 availability, and associated production and movement of growth regulators that influence the 330 degree of apical control experienced by each branch (Blake et al. 1980; Wilson 1998 Wilson , 2000 .
331
Manipulative experiments that test apical control seem to evoke different responses in different 332 species. For example, removal of apical buds had relatively little effect on the growth of 333 subordinate lateral branches in Nordmann fir (Abies normanniana) (Rasmussen et al. 2010 is environmentally controlled by the factors referred to above, (i.e., gradients in light intensity).
356
Branch angle will also have influence on crown width (Roeh and Maguire 1997) The dataset used in this analysis came from relatively young, planted Douglas-fir trees (Table 2) .
406
To better understand the change in branch angles on planted Douglas-fir over time, additional Points identify the numerical solution for the intersection of (dib/2) and knot pith for each year. A photograph of a similarly sized tree section is provided for reference. 
